Thin stillage (CTS) from a dry-grind corn ethanol plant was evaluated as a carbon source for anaerobic digestion (AD) by batch and high rate semi-continuous down-flow stationary fixed film (DSFF) reactors.
INTRODUCTION
At present, international global energy consumption is approximately 13 Terawatts (1 TW ¼ 10 12 W), an estimated 80% of which is supplied by the burning of fossil fuels (Rittmann ) . With time, the challenges of a growing global energy demand, increasingly limited resources, and the environmental consequences of our energy consumption will have to be addressed. These challenges, coupled with the desire for energy security and independence have encouraged research and application of renewable energy technology (Shapouri et al. ) . Ethanol production from corn is an alternative energy choice that can be integrated into pre-existing infrastructure. However, a major criticism of ethanol is the small positive net energy balance (NEB) (Hill et al. ) . In a dry-grind ethanol production facility, approximately 30% of total energy consumption is as a result of water evaporation required for the production of the co-product distillers dried grains with solubles (DDGS). DDGS, which is sold as animal feed, provides income to offset the cost of ethanol production. With an increase in ethanol production expected in the near future, consequent increases in DDGS availability will drive prices down and could alter the economic viability of dry grind ethanol plants (Rausch & Belyea ) . Corn thin stillage (CTS), an intermediate co-product, is dried as part of the process to create DDGS and requires the equivalent of 10% of the energy content of the ethanol produced (Wilkie et al. ) . In order for any biofuel to become a sustainable option, a holistic approach must be taken such as finding alternative uses for ethanol production process streams (Agler et al. ) . Anaerobic digestion (AD) of CTS will offer not only the benefit of reduced energy input for co-product drying, but also energy recovery through the production of methane, potentially resulting in an improved NEB.
Down-flow stationary fixed film (DSFF) reactors were selected to evaluate the potential for AD of thin stillage as they have been proven to be practical and efficient systems for treating a variety of dilute and concentrated wastes but have not been used for digestion of thin stillage (Bories & Raynal ; Kennedy et al. ; Patel & Madamwar ) . Additionally, DSFF reactors were selected as they offer operational advantages over the upflow variety, such as vertically oriented stationary packing material, unlike the random packing of the upflow configuration, an increased ability to handle concentrated and high solids wastewaters and the accumulation of inert solids and biomass with decreased chance of media clogging. Additionally, the use of biofilm support media offers simplicity in construction, elimination of mechanical mixing, better reactor stability and capability to withstand toxic shock loads, high loading rates and periods of starvation (Kennedy & Droste ; van den Berg et al. ; Speece ) . This study evaluates the AD potential of CTS using a combination of batch assays and continuous digestion in DSFF reactors.
METHODS

Corn thin stillage and inoculum characterization
CTS was obtained from Greenfield Ethanol's 26 million litres per year (Tiverton, ON), dry grind corn ethanol facility (Table 1) . Mesophilic inoculum for all tests (Table 1) 
Batch biological methane potential experiments
Biochemical methane potential (BMP) assays performed in duplicate (125 mL) were used to evaluate the potential for AD of CTS at 35 ± 2 W C. Various food to microbe (F/M) ratios (g VS feed /gVS inoc ) were obtained by adding 50 mL of inoculum and 50 mL of diluted CTS to assay bottles. Alkalinity (equal parts of NaHCO 3 and KHCO 3 ) was added in order to adjust assay bottle pH to approximately 7 and provide buffering capacity in the range of 4,000-6,000 mg/L as CaCO 3 . It has been previously established that an appropriate ratio of COD:N:P for biomethanization is 600:7:1 (Mata-Alvarez ). As the COD:N:P ratio of CTS is 600:10:6, this indicates that an appropriate proportion of nutrients are available for digestion. CTS was added to inoculum and diluted with water to achieve final total chemical oxygen demand (TCOD) concentrations of 2, 455, 6,138, 9,448, 13,357, 21,177 and 27,172 mg/ L for assays A1 through A6 respectively. In order to minimize fresh water consumption, additional BMP assays were run to evaluate the potential of re-using treated BMP effluent to dilute CTS. BMP assay bottles (prepared with a final concentration of 22,000 mg/L CTS) were run through three sequential assays. Once the first BMP cycle was completed, 50 mL of the assay bottle volume was decanted and the remaining 50 mL retained as inoculum for the next assay. The decanted liquid was then used along with a proportion of clean water to dilute new full strength CTS. Proportions examined include: 0 (all clean water), 25% effluent, 50% effluent or 100% BMP effluent for substrate dilution. This process was repeated three times following the initial BMP assay at a concentration of 22,000 mg/L CTS. Assay bottles were placed in a rotary shaker at 100 rpm and biogas production was monitored daily and corrected to standard temperature and pressure (STP, 0 W C and 1 atmosphere). Total COD, soluble COD, total solids (TS) and VS evaluated at the start (for CTS and inoculum) and at the end of the BMP assays to confirm organic removal efficiencies. Volatile fatty acids (VFAs) and biogas composition were measured once per week.
Continuous studies
Long-term continuous AD of CTS was evaluated using two 28 L (empty bed volume) bench-scale, down-flow stationary fixed film (DSFF) reactors (R1 and R2) with dimensions of 18.0 × 18.0 × 98.0 cm ID maintained at 35 ± 2 W C. DSFF reactors used oriented needle punched polyester geotextile support media with a surface to volume ratio of 75 m 2 /m 3 (Kennedy & Droste ) . Reactors were inoculated with 12.5 L mesophilic inoculum and 12.5 L distilled water. Establishment of a healthy biofilm biomass inventory was accomplished over a period of 5 months by adding approximately 50 mL of full strength CTS daily (organic loading rate (OLR) of 0.3 g TCOD/L/d) and recycling the reactor liquid at 125 L/d. CTS diluted with tap water containing NaHCO 3 and KHCO 3 (6,000 mg/L as CaCO 3 ) was treated at 5 different hydraulic retention times (HRTs) following the establishment of the biofilm. Desired HRTs were accomplished with the use of coordinated influent and effluent pumps. Feed was provided through a distribution port at the top and effluent was wasted through a port near the base of the DSFF reactors. Internal down-flow recycle was maintained at 125 L/d throughout this research. Daily biogas production was measured with the use of wet-test tip meters connected to the headspace of the reactors. Total and soluble COD, TS, VS, pH, VFAs, NH 3 -N and alkalinity analyses were completed in duplicate at least every other day for both reactors.
Analysis
TS and VS, total and soluble COD, and NH 3 -N analyses were performed according to ASTM 2540G, 5220D and 4500D (APHA ). VFA analysis and biogas composition were measured by gas chromatography (GC) according to Ackman () and van Huyssteen (), respectively.
RESULTS AND DISCUSSION
Batch biological methane potential experiments BMP assays were conducted in order to determine a suitable range of TCOD concentrations and F/M ratios for AD of CTS. Cumulative biogas production is shown in Figure 1 (a) and accumulation of VFAs in Figure 1 (b) for the various organic concentrations and F/M ratios investigated.
Cumulative biogas production was observed to improve with increased F/M ratios, indicating that CTS was readily digested. Additionally, no lag period was observed for any assay, although a rapid accumulation of VFAs (up to 6,600 mg/L) and slight drop in pH (from 7.8 to 7.3) in the first week of digestion was observed at an F/M ratio of 2.0 (assay A6). The drop in pH suggests that at this F/M the rate of acidogenesis was greater than the rate of methanogenesis and an initial indicator of a move toward an imbalance of the anaerobic microbial consortia. The easily degradable nature of CTS appears to results in rapid acid production and a consequential decrease in pH if sufficient buffering capacity is not available, which in turn can impact the rate of methanogenesis. As a decrease in pH was not observed in F/M ratios of 1.5 and lower, it is indicative that there is a limit on the F/M ratio that may be treated under stable AD conditions. A decrease in the pH of a system is known to lead to decreased activity of methanogenic bacteria, and may result in consortia imbalance if pH is not promptly adjusted. This is important to note as methanogens are typically slow growing and slow to recover once the appropriate conditions have been re-established (Wang et al. ) . Additional alkalinity was added at day 6, to assay A6 in order to stabilize the pH, and the slight plateau in biogas production in Figure 1 (a) (days 5-8) was observed as a result. Total biogas production increased with increased F/M ratios, as did the concentrations of final COD and VS measurements. Excellent TCOD, SCOD and VS removal efficiencies (>80%) were observed for all F/M ratios. Assay A6 showed a decrease in performance in comparison with assays A1 through A5, exhibiting the lowest observed TCOD and VS removal efficiencies, at about 81 ± 1 and 77 ± 1% respectively. The decrease in performance, as well as the rapid acidification noted in the early phase of assay A6, may suggest that an organic concentration closer to that of assay A5 (21,000 mg/L TCOD, F/M ¼ 1.5) is the most appropriate for further studies with alkalinity concentrations between 4,000 and 6,000 mg/L. However, assay A6 does indicate that digestion of CTS is possible at organic concentrations greater than 21,000 mg/L providing that the system is carefully monitored and that sufficient buffering capacity (greater than 6,000 mg/L) is provided. These results also make it evident that dilution is likely required for successful treatment of CTS.
Methane yields for assays A1-A6 are observed to be similar ranging between 0.25 and 0.29 L CH 4 /g COD added . This is an indication that given sufficient digestion time all the available organics will be digested, resulting in similar methane yields which are close to theoretical values. Table 2 provides a summary of the sample analysis results for assays A1-A6.
Effluent re-use for dilution of CTS BMP assays
A second set of BMP assays evaluated the use of treated effluent for dilution of the CTS at an organic concentration of approximately 22,000 mg TCOD/L. For each assay cycle (first, second and third recycle) 50 mL of treated effluent was removed and replaced with CTS diluted with clean water, 25, 50 or 100% digested CTS effluent (by volume of dilution water). Assay bottles were prepared in a similar fashion for subsequent cycles. Figure 2 shows CBP versus time for four different dilution conditions. The first curve (days 0-45) is for CTS diluted with clean water at an F/M ratio of 2.0 for comparison purposes.
There was little difference in biogas production for the first and second cycles using clean water, 25, 50 or 100% effluent for dilution of CTS. However, in the 3rd cycle it can be argued that the assay bottles with 100% effluent as the dilution water began to show a decrease in both the cumulative biogas production and rate of production. Figure 3 summarizes TCOD removal efficiencies for each BMP assay and dilution water condition.
TCOD removal appears to decrease with the re-use of inoculum and digested effluent for dilution of CTS. The lowest removal efficiencies are observed for the assay bottles diluted with 100% effluent, which decreased from 83 ± 2% in the first recycle assay, down to 71 ± 2% in the third. Despite the observed decreases in TCOD removal efficiencies for the 50 and 100% assay bottles, an improvement in methane yield (Table 3) was observed for subsequent recycle assays when compared with the first. The improved methane yields are indicative of adaptation of the inoculum to degrade residual compounds not converted during the previous cycles. The greatest increase in methane yield in the 100% assay bottles make sense, as these assay bottles would have the most additional substrate available for biogas production due to carry over. A decrease in TCOD removal efficiency was also observed for the 0 and 25% assay bottles after the first cycle, but was found to be nearly equal in the second and third cycles. This is also an indication of biomass acclimation, which can be substantiated by the similarity in methane yields (Table 3) in recycle assays 2 and 3 for 0 and 25% recycle assay bottles. The reduced TCOD removal efficiencies observed in Figure 3 for assay bottles diluted with 25, 50 and 100% effluent can also be attributed to carry over from previous cycles. The recycled inoculum and effluent used for dilution would carry over recalcitrant materials as well as degradable organics. This may eventually result in conditions inappropriate for digestion due to accumulation of recalcitrant or toxic substances (such as ammonia) and affect biogas production, as was observed in the third recycle of CTS diluted with 100% effluent. In this study ammonia concentrations were found to increase for assay bottles diluted with 25, 50 and 100% effluent between the second and third recycle assays (Table 4 ). Nitrogen present in the CTS is converted to ammonia during each recycle assay and built up as the system does not have the capacity to use up the carried over ammonia.
Based on the decrease in TCOD removal as well as biogas production, it can be speculated that additional cycles with 100% effluent would result in a further deterioration in COD removal efficiency and further increases in ammonia concentration. However at the present time it would seem that additional cycles can be performed with 25/75, 50/50 or 75/25 clean water/effluent mixtures to ascertain when negative effects on AD performance are likely to occur. While not in the scope of the present study, future work with continuous AD of CTS will evaluate the impact of effluent recycle on process performance. However initial batch assays suggest that significant water savings are possible by using effluent recycle to dilute CTS prior to anaerobic stabilization.
Semi-continuous studies
Bench-scale semi-continuous DSFF reactors were used to further evaluate the potential of CTS for AD and biogas production. After an initial 5-month period of biofilm development and acclimation, two identical DSFF reactors were each operated at HRTs of 20, 14.3, 8.7, 6.25, 5 and 4.2 d and organic volumetric loading rates between 1.2 and 11.6 g TCOD/L/d. The different OLRs for each DSFF were achieved by varying the dilution of CTS feed for each DSFF reactor. Initial dilution in R1 was one part CTS to five parts water (1:6) and 1:4 in R2, which was increased gradually to 1:4 and 1:3 at the final OLRs, resulting in CTS feed concentrations of approximately 37,000 and 50,000 mg TCOD/L for R1 and R2, respectively. As a result of the differing feed concentrations R1 was operated at steady state OLRs of: 1.2, 1.7, 2.85, 4.8, 7.4, and 8.7 g TCOD/L per day, while R2 was operated at slightly higher OLRs of: 1.9, 2.60, 4.30, 5.9, 9.9 and 11.6 g TCOD/L per day, corresponding to HRTs of 20, 14.2, 8.7, 6.25, 5 and 4.2 d respectively. DSFF reactors were maintained at each OLR for a minimum of 2 HRTs. Figure 4 shows the volumetric biogas production over time at various HRTs, VFA concentrations and corresponding OLRs. It can be seen that daily biogas production rates remained relatively stable for HRTs of 20 and 14.3 d. However, near the beginning of the 8.7 d HRT (∼ day 80), corresponding to OLRs of 2.85 and 4.3 g TCOD/L/d for R1 and R2 respectively, daily biogas production became less consistent for both reactors. Despite the increasingly variable daily biogas production rates, both DSFF reactors continued to operate without problem and average VS, SCOD and TCOD removal efficiencies remained above 80%. A slight accumulation of foam was observed in the headspace of both reactors for the first time during the 8.7 d HRT period, but did not cause any operational issues at this point. Daily biogas production for R2 was always greater than R1 for HRTs of 20, 14.3 and 8.7 d. Based on the greater loading rates of R2 (due to higher CTS feed concentration) this is not unexpected during stable operation and is indicative of similar COD removal efficiencies. It should be noted that at operational HRTs of 20, 14 and possibly 8.7 d reactor performance could be the result of suspended microbial activity, biofilm activity or a combination of both. However, at shorter HRTs, where washout of methanogenic cultures will occur, greater reliance is placed on the biofilm for ultimate DSFF performance. In general, higher gas productions were also seen for R2 at HRT of 6.3 d indicating that the maximum specific biofilm loading was not yet exceeded and that both reactors were achieving similar COD stabilization efficiencies.
At OLRs of 8.7 g TCOD/L/d (4.2 d HRT) for R1 and 9.9 g TCOD/L/d (5 d HRT) for R2, removal efficiencies were 81 ± 2 and 83 ± 2% for TCOD, and 80 ± 2 and 82 ± 2% for VS for R1 and R2 respectively. However, soluble COD reductions fell below 80%, from 89 ± 2% to 72 ± 2% for R1 and from 92 ± 4 to 78 ± 2% for R2, in comparison to previous OLRs. Table 5 provides a summary of steadystate results for each OLR and HRT for R1 and R2. Additionally, it can be noted from the temporal biogas production results that both R1 and R2 were similar in the range of about 3.5 L/L/d (at STP). The convergence of the biogas productions suggests that R1 and definitely R2 were approaching their maximum specific biofilm loading and that for the given concentrations tested the maximum DSFF loading is in the range of 7-10 g TCOD/L/d. Assuming that the biofilm is mature and that the optimum surface to reactor volume ratio is being used, significant improvements in the volumetric loadings with stable COD stabilization (>80%) are unlikely. Agler et al. () achieved similar results, reaching an OLR of 7.5 g TCOD/ L/d, although at a longer HRT of 10 d by thermophilic digestion of CTS with an anaerobic sequencing batch reactor. Research conducted on CTS by Schaefer & Sung () under thermophilic conditions with a continuously mixed reactor, only reported stable performance at an OLR of 6.1 g TCOD/L/d and much longer HRT of 20 d.
The maximum biogas production rate observed for R1 was 3.8 ± 0.6 L/L/d with a corresponding methane yield of 2.05 L CH 4 /L/d (at STP) at a 5 d HRT (OLR of 7.6 g TCOD/L/d). R2 also achieved its maximum biogas production rate at the 5 d HRT, but was lower than R1 at 3.0 ± 0.5 L/L/d (at STP) despite the high OLR of 9.9 g TCOD/L/d. Up until the OLR of 7.4 g TCOD/L/d, the biogas production rate had been steadily increasing with increasing OLR. Daily VFA concentrations for R1 increased and became more variable at an HRT of 5 d, although they appeared to reach some level of stability towards the end of the HRT. For R2 however, VFA concentrations rapidly accumulated to a total concentration greater than 2,000 mg/L between days 152 and 153 of digestion (pH remained stable near 7). This increase in total VFA accumulation correlated to a decrease in biogas production rate from a maximum of 4.2 L/L/d (at STP), down to approximately 3 L/L/d (at STP), over days 152-165 of digestion. In R1, VFA concentrations did not exceed 2,000 mg/L until approximately day 170 of digestion (4.2 d HRT). The accumulation of total VFAs has been associated with the inhibition of methane production due to microbial stress. Organic or hydraulic overloading may be the cause of increased VFA concentrations in a digester, although at a neutral pH, levels of acetic and butyric acid up to 10,000 mg/L are reported not to be inhibitory (Eskicioglu et al. ) . Adverse effects have only been shown for propionic acid concentrations greater than 1,000 mg/L. Concentrations of propionic acid reached approximately 1,000 mg/L or greater towards the end of the 5 d HRT (∼ day 167) for R2, while R1 reached levels greater than 1,000 mg/L within the first few days of digestion at the 4.2 d HRT (days 171-172). The accumulation of propionic acid indicated that the hydrogenotrophic methanogens are being inhibited. In both cases, the increase in propionic acid concentrations to near 1,000 mg/L corresponded to a drop in reactor efficiency.
CONCLUSION
BMP assays conducted under mesophilic conditions showed promise for biogas production from CTS. However, dilution of CTS appears to be necessary for AD and the most appropriate organic concentration for digestion was found to be approximately 21,177 mg TCOD/L. It is also possible that with further acclimation, the correct ecological balance in the anaerobic consortia would develop and higher CTS concentrations and F/M ratios are possible. The use of treated effluent for dilution is a viable alternative to reduce clean water consumption for AD of CTS. Among the various combinations of effluent and clean water for dilution of CTS, 20, 14.3, 8.7, 6.25, 5 and 4.2 
d HRTs
Removal efficiencies
Yields (@ STP) HRT (days) OLR (g TCOD/L/d) TCOD (%) SCOD (%) VS (%) Biogas (L/L/d) Methane (L CH 4 /L/d) 20 1.2 89 ± 2 9 6 ± 1 8 5 ± 2 0.7 ± 0.05 0.43 ± 0.03 1.9 88 ± 1 9 6 ± 1 8 5 ± 1 1.07 ± 0.07 0.64 ± 0.04 14.3 1.7 87 ± 3 9 7 ± 1 -1.1 ± 0.07 0.64 ± 0.04 2.6 90 ± 1 9 7 ± 1 8 5 ± 1 1.6 ± 0.06 0.96 ± 0.04 8.7 2.9 86 ± 3 9 5 ± 0 8 1 ± 2 1.6 ± 0.3 0.95 ± 0.17 4.3 85 ± 2 9 3 ± 2 8 3 ± 3 2.2 ± 0.3 1.30 ± 0.18 6.25 4.8 89 ± 4 9 4 ± 1 8 5 ± 4 2.5 ± 0.5 1.48 ± 0.28 5.9 88 ± 3 9 2 ± 4 8 4 ± 4 2.6 ± 0.3 1.53 ± 0.18 5 7.4 89 ± 3 8 9 ± 2 8 5 ± 3 3.8 ± 0.6 2.05 ± 0.32 9.9 83 ± 2 7 8 ± 2 8 2 ± 2 3.0 ± 0.5 1.50 ± 0.24 4.2 8.7 81 ± 2 7 2 ± 2 8 0 ± 2 --11.6 78 ± 3 7 0 ± 4 7 9 ± 3 --assays conducted with 25% effluent and 50% effluent by volume as dilution water, maintained similar biogas production and only slightly reduced removal efficiencies in comparison to assay bottles with CTS diluted by all clean water. Further investigation of the potential and limits for the use of effluent as dilution water will need to be conducted, in batch and by continuous studies. Continuous digestion of CTS in DSFF reactors was successful and among the various HRTs and OLRs investigated, the best results were observed at a 5 d HRT and OLR of 7.4 g TCOD/L per day. Removal efficiencies for VS, TCOD and SCOD were maintained at 85 ± 3, 89 ± 3 and 89 ± 2% respectively. The highest methane yield of all conditions was also achieved under these operating conditions at 2.05 L CH 4 /L per day (at STP).
